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The Haba Snow Mountain Tunnel experienced severe deformation caused by foliated metamorphic 
basalt. This rock has high metamorphism, easy weathering, and low strength. This study examines 
the rock’s microscopic characteristics and mechanical properties to understand its impact on tunnel 
stability and offer guidance for similar engineering challenges. Through comprehensive analysis of the 
rock’s composition and structure, combined with mechanical strength testing, the study establishes 
strong correlations among uniaxial compressive strength, rebound strength, and point load strength. 
Key findings reveal that the point load index correlates linearly with uniaxial compressive strength 
(y = 10.97x, R²=0.93). These results not only enhance the understanding of foliated metamorphic 
basalt’s properties but also offer practical recommendations for optimizing strength testing methods. 
This study provides crucial technical references for tunnel design under similar geological conditions.
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The Haba Snow Mountain Tunnel has experienced severe deformation, as shown in Fig. 1. This event has drawn 
significant attention and raised concerns about underground construction risks. Located in the northwest of 
Yunnan Province, China, the Haba Snow Mountain Tunnel is a critical transportation link connecting regional 
economic zones. Its construction is of significant strategic importance, yet the unexpected deformation observed 
in foliated metamorphic basalt formations has posed substantial risks to its safety and stability1–4. Despite the 
tunnel’s burial depth exceeding 800 m, which may result in significant ground stress, many other deeply buried 
tunnels have experienced deformation without reaching the severity observed in this project. This unique 
challenge highlights the need for an in-depth understanding of the geological and mechanical behavior of the 
surrounding rock. Therefore, this study aims to investigate the causes of severe deformation in the Haba Snow 
Mountain Tunnel, providing both theoretical insights and practical guidance for similar engineering scenarios 
in complex geological conditions. The excavation of the Haba Snow Mountain Tunnel has revealed the presence 
of foliated metamorphic basalt formations. This rock, unlike typical basalt, has altered mechanical properties 
due to metamorphism. It has reduced strength and increased anisotropy, which complicate tunnel stability. A 
detailed analysis of its mineral composition, microstructure, and mechanical behavior is necessary5.

Rock strength is one of the most critical parameters in tunnel design. Common methods for evaluating 
rock strength include uniaxial compression tests (UCT), point load tests (PLT), and Schmidt hammer rebound 
tests (SHRT)6,7. Each method has its own strengths and limitations. For instance, UCTs provide accurate 
measurements of compressive strength; however, they can be challenging for highly weathered, severely 
metamorphosed, or low-strength rocks due to difficulties in extracting intact cores8,9. In contrast, PLTs are more 
adaptable to irregularly shaped or fragile samples, though they yield an indirect estimation of rock strength10. 
SHRTs are quick and cost-effective but are less suitable for highly fractured or weak rocks, as they rely on surface 
hardness11. These methods are all considered indirect testing techniques for rock strength12,13. Notably, the 
PLT features a straightforward testing process and sample preparation, allowing for the use of various regular 
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cylindrical rock samples or any irregular blocks14,15, applicable to both hard and fragile rocks16,17. To address the 
limitations of individual testing methods, combining multiple approaches can provide a more comprehensive 
understanding of rock strength, particularly in complex geological conditions such as foliated metamorphic 
basalt. This study adopts a combination of UCTs, PLTs, and SHRTs to explore their relationships and validate 
their applicability for engineering purposes.

Many studies have explored correlations between UCS, PLI, and rebound strength (RS) for different rock 
types18,19. For instance, Xue et al.19 found a strong linear relationship between UCS and Is(50) in granite. 
Mohammed et al.20 established empirical formulas to predict UCS using SHRTs on limestone. However, 
studies on foliated metamorphic basalt are limited, especially regarding the relationships between its strength 
parameters21–23. Therefore, this study first analyzes rocks’ mineral composition and microscopic characteristics 
through thin section identification, X-ray diffraction (XRD), and scanning electron microscopy testing methods. 
Then, the rock strength is determined through UCTs, PLTs, and SHRTs. Finally, the mechanical properties of 
metamorphic basalt and the relationship between different rock strength testing methods are discussed. These 
findings not only contribute to the understanding of foliated metamorphic basalt but also provide valuable 
recommendations for strength testing and tunnel design in challenging geological conditions.

The situation of severe deformation in the Haba snow mountain tunnel
In Fig.  2, the foliated metamorphic basalt revealed on the surface and within the excavated section of the 
Haba Snow Mountain Tunnel exhibits distinct characteristics. The surface-exposed foliated metamorphic 
basalt displays a relatively fragmented structure, yet the rock blocks demonstrate high strength. However, the 
foliated metamorphic basalt uncovered during tunnel excavation not only exhibits a fractured structure but 
also lacks significant strength, with some rock blocks easily crumbling upon manual handling. Unfortunately, 
the foliated metamorphic basalt revealed within the tunnel undergoes rapid weathering, transitioning into a 
nearly powdered state within a few hours, resulting in minimal strength. This unique rock formation proves 
to be a crucial factor contributing to the severe deformation observed in the Haba Snow Mountain Tunnel. 
Obtaining rock core samples poses considerable challenges due to the fragmented nature of the rock, making 
it difficult for the drilling core to take shape. Consequently, it becomes imperative to study the lithology and 
strength determination methods for this type of rock. Understanding these rock characteristics is crucial to 

Fig. 2.  Foliated metamorphic basalt. (a) Observed in surface outcrops; (b) Exposed foliated metamorphic 
basalt during tunnel excavation; (c) Weathered schistosized basalt after several hours.

 

Fig. 1.  Typical features of severe deformation and failure in the Haba Snow Mountain Tunnel. (a) Initial 
support deformation conditions; (b) Secondary lining failure conditions.
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promptly identifying the rock’s properties in similar future situations, providing essential technical references 
for implementing appropriate engineering measures.

Research methods for rock characteristics
The rock samples are mainly from the Haba Snow Mountain Tunnel, a maximum burial depth of 1155 m, and the 
primary crossing strata are metamorphic basalt and carbonaceous slate. This article takes metamorphic basalt as 
the research object. Firstly, the mineral composition and microscopic characteristics of the rock were analyzed 
through thin section identification, XRD, and scanning electron microscopy testing methods. Given the unique 
challenges posed by foliated metamorphic basalt, a combination of UCT, PLT, and SHRT was employed to assess 
rock strength. UCS tests enable precise measurement of compressive strength but require intact cores, which 
are difficult to obtain for weak or fractured rocks. PLI tests, on the other hand, are advantageous for irregularly 
shaped or fragmentary samples, making them particularly suitable for the foliated metamorphic basalt found 
in this study. SHRTs complement these methods by offering a rapid and non-destructive estimation of surface 
hardness, although their applicability decreases for rocks with compressive strength below 10 MPa. Together, 
these methods provide a robust framework for analyzing rock strength in challenging conditions. Finally, the 
mechanical properties of the metamorphic basalt and the relationship between different rock strength testing 
methods were discussed. The methodology is shown in Fig. 3. We conducted 60 UCTs, 100 PLTs, and 82 SHRTs.

Analysis of the results of rock tests
Mineral composition and microstructure of rocks
The thin section identification method identifies minerals and rocks under a polarizing microscope24,25. It 
observes and identifies rocks to distinguish their mineral types and studies the main mineral composition, 
mineral generation sequence, structure, structure, and rock (ore) type of rocks and ores. The thin section 
identification results are shown in Fig. 4. The mineral composition is shown in Table 1. The rock specimen is 
green or grayish-green in color, with a porphyritic columnar metamorphic structure and a sheet-like structure. 
The main minerals are fine granular feldspar and columnar Actinolite, containing a small Chlorite group. The 
rock contains a minimal amount of carbonate, and a small amount of bubbles slowly form with the addition of 
dilute hydrochloric acid. The rock has a smaller hardness and can be easily slid with a small knife. The rock was 
tested by magnetite and found to have weak magnetism. Phenocryst Epidote, columnar Actinolite, and granular 
Albite can be seen microscopically. In Group A, Albite accounts for a large proportion.

XRD powder crystal diffractometer can be used to study the process and phase transition, surface phases, 
defects, and crystal structure of mineral crystallization26,27. The XRD results are shown in Fig. 5. The XRD results 
of the three groups of rocks are similar, and the mineral composition mainly includes amphibole, ferruginous 
amphibole, plagioclase chlorite group, phlogopite, glauconite, Albite, potassium microcline, magnesium-bearing 
calcite, rutile, and amorphous materials. The proportion of mineral components varies slightly. The content of 
epibole and ankerite in Group B is relatively low, but the content of Phlogopite, Glauconite, and amorphous 
phase materials is slightly higher. Edenite generally occurs in sodium-rich Igneous rock, the contact zone 
between dolomitic limestone and Igneous rock, and jadeite-bearing albite28. Sodium-rich amphibole mainly 
occurs in Metamorphic rock formed by sodium rocks29, consistent with Albite in thin section identification. 
Actinolite is a silicate mineral, which is a mineral formed by replacing more than 2% of magnesium ions in 
Tremolite with divalent iron ions. It belongs to amphibole30,31. Albite is a sodium mineral of the plagioclase solid 
solution series32. The Chlorite group is a layered Silicate mineral, commonly called the Chlorite group, mainly 
composed of magnesium and iron minerals, namely the plagioclase Chlorite group and oolitic Chlorite group33. 
Therefore, the XRD test results are consistent with the thin section identification.

Electronic images can observe the surface morphology characteristics, morphology, and distribution of 
micropores of minerals at nano or micrometer scales34,35, providing a basis for rock evaluation (see Fig. 6). The 
microstructure of the three sets of rock samples is similar. The microstructure of the rock block sample’s front 
surface shows many bar-like and rod-shaped structures with staggered morphology. The rock minerals exhibit 
directional and regular arrangements. The side microstructure has some lamellar and layered structures, which 
are relatively disordered. A large number of rock fragments and fallen Clay minerals can be seen. In addition, 
there are relatively more pores on the side of the rock. Actinolite is slightly altered into the Chlorite group, and 
the Chlorite group appears in the form of curved sheets with angular edges. It is randomly distributed along the 
edge of the Actinolite crystal.

UCT
Drilling rock cores inside and outside the tunnel for UCT, the results of the UCTs are shown in Fig. 7. It can 
be seen from Fig.  7 that the minimum uniaxial compressive strength (UCS) of rock is 18.26  MPa, and the 
maximum UCS is 79.59 MPa, which follows the Normal distribution. The average UCS is about 33.33 MPa. 
Compared with the strength of surrounding rock in deep buried soft rock tunnels in the past, the average UCS 
is slightly higher, mainly because the more complex rock during the coring process is easier to core successfully. 
The drilling rig used in this experiment is a water drill, which uses water during the coring process to reduce the 
friction between the drill bit and the rock, reduce the temperature of the drill bit, and improve the quality of the 
drill core. However, during the core drilling process, it was found that harder rocks had a slower drilling speed 
(0.3–0.6 cm/min), while softer rocks had a faster drilling speed (above 1.0 cm/min), making it challenging to 
core highly fractured rocks, as shown in Fig. 8. When the UCS of the rock is less than 18 MPa, it is effortless to 
break the rock core during the drilling process, mainly due to the development of internal cracks in the rock. 
During the drilling process, the friction force of the drill bit, combined with the action of water, ultimately leads 
to the fragmentation of the rock core. However, through statistical analysis of the UCS of rocks, it was found that 
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the rock in the tunnel area is relatively soft. In addition, the surrounding rock of the tunnel is not all soft rock, but 
mainly soft rock, with both soft and hard rocks coexisting. Most of the rock cores taken come from harder rocks.

PLT
The point load index (PLI) is an index test36,37 commonly used to estimate the UCS of rocks. The peak load is 
used to calculate the corrected point load strength of a sample with a diameter of 50 mm (IS(50)), as shown in 
Eq. (1) to (4).
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Fig. 3.  Methodology.
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Through statistical analysis of 100 sets of rock point load data, the relationship between the height, width, and 
area of the rock failure section and the peak load is shown in Fig. 9, and the PLI after size correction is shown 
in Fig. 10. From Figs. 9 and 10, it can be seen that the failure height range of the rock sample is 0.9 ~ 6.8 cm, 
which has a linear correlation with the peak load: y = 1.4x, and the correlation coefficient R2 = 0.74; The failure 
width range is 2.4 ~ 16.5 cm, which has a linear correlation with the peak load of loading: y = 0.81x, and the 
correlation coefficient R2 = 0.72; The failure area ranges from 3.77 to 89.10 cm2 and has a linear correlation with 
the peak load: y = 0.18x, with a correlation coefficient of R2 = 0.71; The equivalent diameter range of failure is 
2.19 ~ 10.65 cm, and the failure load range is 0.6-16.9kN; The PLI (Is (50)) ranges from 0.16 to 9.32 MPa, with an 
average value of 2.16 MPa, which shows a typical Normal distribution. In the PLT, most rock failure occurs from 
the connected joint surface or crack surface, as shown in Fig. 11.

SHRT
The rebound strength point and bar charts are shown in Fig.  12 by conducting SHRTs inside and outside 
the tunnel. As shown in Fig. 12, the RS ranges from 12.12 ~ 58.99 MPa, with an average value of 28.42 MPa. 
Generally speaking, the RS of C30 concrete is above 34.2 MPa, indicating a lower rebound strength of rocks. 
However, the minimum RS is 12.12 MPa, which may also be determined by the strength testing method. Rocks 
below this value cannot accurately determine the rock’s RS because the instrument has specific impact energy, 
which may break the rock. Of course, the above results include the test results inside and outside the tunnel. 
During the tunnel test, the RS of the unexcavated rock can be directly measured. Due to the strong constraints 
of the unexcavated rock mass, it is easier to conduct SHRTs, while tests outside the tunnel focus on relatively 
complete blocks of rock.

Discussion
Through experiments, this study obtained 100 sets of PLTs, 82 sets of SHRTs, and 60 sets of UCTs data for 
metamorphic basalt. It fitted them, as shown in Fig.  13. The results highlight the complementary nature of 
these methods: UCS tests provided the most reliable and precise compressive strength measurements but were 
limited by the difficulty of obtaining intact cores from weak or fractured metamorphic basalt. In contrast, PLI 
tests demonstrated strong correlations with UCS results (R² = 0.93), confirming their suitability as an indirect 
method for estimating compressive strength when core extraction is infeasible. SHRTs, while less correlated with 
UCS (R² = 0.76), were particularly effective for rapid assessments of surface hardness, making them useful in 

Group Actinolite Albite Chlorite Epidote Hornblende Calcite Metal minerals Others

A 40 ~ 50% 25 ~ 30% 10 ~ 15% 5 ~ 6% 3 ~ 5% 1 ~ 2% 2 ~ 3% 1 ~ 2%

B 65 ~ 70% – 15 ~ 20% 8 ~ 10% 3% – 2% 1%

C 60 ~ 65% – 25 ~ 30% 3 ~ 5% – – 5% 1%

Table 1.  Mineral composition of rocks.

 

Fig. 4.  Results of thin section identification for mineral composition and structures.
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preliminary site investigations. These findings underscore the value of combining these approaches to mitigate 
the limitations of individual methods and to provide a more comprehensive assessment of rock strength.

The UCS of rocks shows a linear correlation with both RS and PLS. For PLI, the relationship is y = 10.97x, 
with a high correlation coefficient of 0.93. The measured UCS ranges from 1.76 to 102.24 MPa, with an average 
of 23.7 MPa. For SHRTs, the relationship is y = 1.26x-7.39, and the correlation coefficient is 0.76, which is lower 
than for PLI. The blue area represents a 95% confidence zone. As the PLI increases, the confidence zone of the 
relationship between the PLI and UCS increases; As the RS increases, the confidence region of the relationship 
between rebound and UCS first decreases and then increases. Therefore, for the determination of the strength 
of weak surrounding rock, considering the characteristics of rock rebound strength, it is recommended to use a 
comprehensive method of PLT and UCS to determine.

The relationship between the UCS of rocks and the PLI has been extensively studied in the literature38, 
including cases with intercepts of 0 and non-0. However, the loading methods of PLT and UCT are similar, with 
gradually increasing loads at the upper and lower ends, but the loading forms are different. Based on this, using 
a linear formula with an intercept of 0 is recommended to fit the relationship between the UCS of rocks and the 
PLI. The rebound instrument loading method differs from the above two methods. It mainly obtains the surface 
strength of the rock through immediate energy impact. When the rock is relatively soft, this loading method is 
not applicable. The above research shows that the rebound instrument is only suitable for testing the rebound 
strength of concrete or rock with pressure not less than 10 MPa.

Fig. 5.  XRD results. (a) XRD pattern; (b) Semi-quantitative analysis of mineral composition based on phase 
analysis; (c) Phase identification legend.
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Conclusion
The Haba Snow Mountain Tunnel has experienced an exceptionally rare and severe deformation, with foliated 
metamorphic basalt identified as one of the primary causative factors. The foliated metamorphic basalt revealed 
during the tunnel excavation is particularly distinctive, exhibiting significant metamorphism, susceptibility to 

Fig. 6.  Microstructure of foliated metamorphic basalt. (a) Rock front, magnified 100 times; (b) Rock side, 
magnified 100 times; (c) Rock front, magnified 1000 times; (d) Rock side, magnified 1000 times; (e) Rock 
front, magnified 2000 times; (f) Rock side, magnified 2000 times.
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weathering, and extremely low strength. Consequently, further exploration is warranted into the microscopic 
characteristics of the rock and methods for determining its strength.

In-depth analysis of mineral composition and microstructure in the Haba Snow Mountain Tunnel, particularly 
foliated metamorphic basalt, revealed prevalent minerals like actinolite, albite, chlorite, epidote, hornblende, 
calcite, and metal minerals. XRD supported these findings, while electronic images illustrated surface features 
including bar-like structures and layered patterns. The uniformity observed in thin section identification, XRD, 
and electronic images underscores the trustworthiness of our analytical methods. These insights are pivotal for 
comprehending rock characteristics and informing future tunnel designs in analogous geological contexts.

This study involved the application of three distinct test methods across multiple test groups, encompassing 
60 sets of UCTs, 100 sets of PLTs, and 82 sets of rebound tests. The objective was to establish correlations among 
the results obtained from these diverse testing methodologies. The findings indicate that, for metamorphic basalt, 
a linear relationship exists between the UCT of the rock and both rebound strength and point load strength. 
Specifically, the relationship between the PLI and the UCT of the rock is expressed as y = 10.97x, demonstrating a 
high correlation coefficient of 0.93. In contrast, the relationship between rebound strength and UCT is described 
by y = 1.26x-7.39, yielding a correlation coefficient of 0.76, which is slightly lower than that observed for PLT.

To determine the strength of weak surrounding rocks, a combined approach using PLTs and UCTs is 
recommended. This study demonstrates that combining these methods effectively compensates for the 
limitations of individual tests. For instance, PLI are invaluable for irregular or fragmented samples, while UCTs 
provide high accuracy when intact cores are available. Rebound tests complement these methods by enabling 

Fig. 8.  Core drilling failure in foliated metamorphic basalt. (a) Drilling process showing difficulties in core 
extraction; (b) Crushing of weak rock cores during drilling.

 

Fig. 7.  Distribution of UCS values for foliated metamorphic basalt. (a) Scatter plot of UCS values; (b) 
Histogram showing statistical distribution.
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rapid, non-destructive evaluations of surface hardness. Together, these methods form a robust framework for 
assessing the mechanical properties of foliated metamorphic basalt, offering practical insights for tunnel design 
and stability analysis in complex geological conditions.

Fig. 9.  Relationship between peak load and cross-sectional dimensions. (a) Height; (b) Width; (c) Cross-
sectional area.
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Fig. 11.  Failure modes observed in PLT for foliated metamorphic basalt.

 

Fig. 10.  Distribution of corrected PLI values for foliated metamorphic basalt. (a) Scatter plot; (b) Histogram 
showing statistical distribution.
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Data availability
All data, models, or codes that support the findings of this study are available from the corresponding author 
upon reasonable request.
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